A seasonal modulation of the circadian time structure of circulating T and natural killer (NK> lymphocyte subtypes was documented in five healthy men aged 24-36 yr.
Introduction
Large seasonal variations in several immune functions have been reported in various animal species including mice (1) , guinea pigs (2), dogs (3) , and human beings (4) (5) (6) (7) (8) (9) (10) . Seasonal variations are commonly explained by environmental changes. Nonetheless, endogenous circannual rhythms in numerous variables have been demonstrated in animals kept in a standardized environment for several years (1 1, 12, and many others). With regard to immune functions, the lymphocyte blastogenic response of mice exhibited a reproducible circannual rhythm for 2 consecutive yr despite the fact that these animals had been kept in the same photoperiodic and nutritive environment (1) . Similar results have been observed in the ground squirrel (13) . Reproducible circannual rhythms have also been found for [3] [4] [5] consecutive yr for the in vivo migration of polymorphonuclear cells (14) and for the splenic natural killer (NK)' cell activity (15) in mice kept in a standard photoperiodic environment. Immune functions are also organized along a circadian time structure, as documented in preceding articles by us (16, 17) and by others (18) (19) (20) (21) (22) .
Discrepant results had been reported in the literature, however, with regard to circannual variations in circulating T and/or B lymphocyte counts in human beings (5, 7, 10, 19) . Other discrepant reports pertained to the circadian rhythmicity in the T helper/T suppressor-cytotoxic ratio (20, 21, 23) and to that in phytohemagglutinin-induced lymphoblastic transformation in humans (19, 22, 24) . This function test is known to primarily involve T lymphocytes. In an initial study on the circadian organization of circulating T and B lymphocyte subsets, we noticed changes that might have been related to circannual rhythms (16, 25) . Such rhythms are known to be capable of modulating any circadian parameter ofa given variable, including the circadian mean, amplitude, acrophase (peak time), or even the 24-h periodicity itself. For instance, the circadian acrophase of plasma testosterone was found to occur 6-8 h later in June as compared with January in young men (26) . A circadian rhythm in plasma luteinizing hormone was only found in the second half of the year in young men in two independent studies (27, 28). We hypothesized that the circadian time structure of the immune system would be subjected to a profound circannual modulation which would account for apparently discrepant results (16, 23) . The end points studied were the counts of circulating T and NK (29, 30) lymphocyte subsets in healthy young men. Both cell types are involved respectively in the mounting of delayed immune response and in immediate cytotoxicity. The circulating counts of such cells constitute usual clinical gauges for evaluating the immune status of a patient.
It was believed that knowledge of the rhythmicity of such immune cells would lead to a better understanding of the sea-sonal variations in the incidence of several immunologically related diseases such as viral infections (31) and Hodgkin's lymphoma (32) .
Methods

Subjects
Five apparently healthy male subjects volunteered for this study ( 
Statistical analyses
Data were expressed both in their conventional units and as percentages of the individual 24-h or yearly mean for each variable and time point. This latter method was used in order to minimize interindividual differences occurring in mean values of lymphocyte subsets, which has been previously documented (16) .
Means and 1 SEM were computed for each time point, each variable, and on each study month. Time series were analyzed both by three-way analysis of variance (ANOVA) and by the cosinor method (34) . The three-way ANOVA considered three factors as potential sources of variance, e.g., subject, sampling time of day, and sampling month, and a two-way interaction between time of day and month of sampling. The cosinor method characterized a rhythm by the parameters of the fitted cosine function approximating all data. Several periods (r) were a priori considered, e.g., the circannual fundamental with T _ 1 yr and its first harmonic with r _ 6 mo, and the circadian fundamental with T 24 h and its first harmonic withT _ 12 h. A rhythm was detected if the null amplitude hypothesis was rejected with P < 0.05 (from an F test); however, amplitude and acrophase could be approximated if0.05 s P < 0.10. The rhythm characteristics estimated by this linear least squares method include the mesor (M, rhythm-adjusted mean), the double amplitude (2A, the difference between the minimum and maximum of fitted cosine function), and the acrophase (0, time of maximum in fitted cosine function, with December 31st at midnight as 0 reference). They are given with their 95% confidence limits if P < 0.05. The cosinor method was applied to individual and pooled time series.
Results
Seasonal variations
The data from the five subjects obtained on all 5 mo of study in 1984 were first analyzed by three-way ANOVA for effects of subject, circadian time, and circannual stage. The effects of both subject and circadian time were statistically validated for all variables. The role of the month of study was also found with statistical significance for total, T helper, and HNK-1+ lymphocytes. Moreover, an interaction between the circadian and the circannual stages of sampling was documented (P < 0.05) for total, all T, and T helper lymphocytes.
Seasonal modulation ofcircadian rhythms
Cosinor analyses were performed on the time series from each month of study for each variable. Circadian rhythms in total, OKT3+, and OKT4+ lymphocytes were statistically validated in January, August, and November, but neither in March nor in June. The circadian acrophases of all three variables were localized in the first half of the night span. The circadian amplitudes were smaller in summer than in winter or fall. The OKT4+/OKT8+ ratio exhibited a circadian rhythm only in June, August, and November, with similar acrophases (at -2:00 h) and similar double amplitudes (-60% of the mesor).
An ultradian rhythm with r = 12 h characterized the HNK-1+ subset on all months except June, when a 24-h rhythm was detected. A similar finding was observed for the OKT8+ subset on all study months, except August when a 24-h rhythm was suggested. A 12-h rhythm was also found for the OKT4+ subset in March, and a 12-h harmonic was statistically validated for total, OKT3+ and OKT4+ lymphocytes both in November and in January but neither in June nor in August.
Thus a seasonal modulation of circadian rhythmicity was documented by both ANOVA and cosinor for total, pan-T, and T helper lymphocytes. Such an effect relied on cosinor analysis alone for HNK-1+ cells, T suppressor-cytotoxic lymphocytes, and the T helper/T suppressor-cytotoxic ratio.
Because no circadian rhythm was documented either in March or in June for total, T, or T helper lymphocytes, data from both study months were pooled. No circadian rhythm was detected (P > 0.10) by cosinor for any of these variables. Conversely, data from January, August, and November were pooled and significant circadian rhythms were found for all three variables by cosinor (P < 0.001). Such a seasonal modulation of the circadian time structure is depicted in Figs. 1-3 .
No circadian rhythm was detected for the OKT4+/OKT8+ ratio in January or in March, when taken separately. After pooling the time series from both of these months, however a circadian rhythm was validated (P = 0.04) with 2A = 30% of I'
------phocytes and their ratio with regard to the 24-h mesor and for all variables with regard to the timing of their circadian peak. Moreover, a circannual rhythm in the 24-h mesor of the OKT4+/OKT8+ ratio was statistically validated by cosinor in subject 1 for whom a total of eight circadian time series were available over a 2-yr span.
Discussion
The present study demonstrates that the characteristics of the circadian rhythms in the five immunologic variables investigated were seasonally modulated. The circadian mesor exhibited a circannual rhythm for total, T, T suppressor-cytotoxic, and HNK-1 lymphocytes with a maximum estimated respectively in November, March, December, and October. A 6-mo rhythm was documented for T helper lymphocytes, with estimated maxima occurring in both April and October. The double amplitudes ofsuch circannual or circahemiannual rhythms ranged between 15% and 25% of the circannual mesor and were smaller than the corresponding circadian or circahemidian ones except for the HNK-1+ cells. HNK-1+ mononuclear cells include two T cell subsets which may or may not express T3 receptor. NK cell activity is primarily exerted by HNK-1+ OKT3-cells (30) . Furthermore, HNK-1 + cells may also express the T suppressor-cytoxic phenotype (Leu 2a+, equivalent to OKT8+) (35, 36) . Irrespective of study month, HNK-1+ cells exhibited a circadian rhythm as opposed to OKT8+ cells which only displayed one of 12 h. This suggests that the temporal variations in the circulating counts of HNK-1+ cells to some degree reflect those of NK cells. The intra-individual reproducibility of such circannual rhythms was shown in the three subjects studied once to three times during the previous year. The results further support the view that pan-T, T helper, T suppressor-cytotoxic, and NK lymphocytes vary rhythmically along the 1-yr scale. Such a circannual rhythmicity was also found for the T helper/T suppressor-cytotoxic ratio in a single individual followed for 2 yr. Although no such rhythm was statistically validated at a group level, this suggests that interindividual differences may be found with regard to the circannual rhythmicity in this ratio. A circannual rhythm in the 24-h mesor of circulating leukocytes was demonstrated by Reinberg et al. (4) with highest values occurring in early December, e.g., very close to the maximum found for total lymphocytes in the present study. Nonetheless, no circannual rhythm in morning values of total leukocytes or lymphocytes has been found by others (7, 19) . In a recent study, large seasonal variations in morning total leukocyte count were found in young men, but not in men older than 40 yr (37) . A reproducible circannual rhythm in the count of circulating B lymphocytes was documented in a healthy young Japanese subject sampled monthly between 9:00 and 1 1:00 h for 2 consecutive yr, with a peak in August (summer) and a nadir in January (winter) (5) . Such results were confirmed at a group level by the same investigators (5). Others have been reported the reverse in U. S. hospital employees, e.g., that the count of circulating B cells was highest in January-February (winter) and lowest in August-September (summer) in healthy subjects (10) . However, no indication was given about the sampling time of day or about the subject's characteristics or their synchronization along the 24-h scale or whether they were shift workers. Such results cannot thus be interpreted.
The seasonal time structure herein described for T and NK lymphocyte subsets may be related to that in lymphocyte enzymatic activity (6) with a peak in summer, or that in lymphocyte mitotic index with a peak in winter (38) .
The circadian double amplitude of total, T, and T helper lymphocytes varied between 0% (no rhythm) in March and 46-60% of the mesor in November or January. With regard to the T helper/T suppressor-cytotoxic ratio, a circadian rhythm was not detected either in January or in March, but it was validated in the other seasons with 2As equal to 67% of the 24-h mesor both in June and in August. Thus, apparent discrepancies in the literature with regard to the presence or absence of a physiologic circadian rhythm in T lymphocyte-related variables (16-25, 39, 40) may be accounted for by a circannual modulation of circadian rhythmicity, as hypothesized. In addition, the acrophases of the statistically validated circadian or circahemidian rhythms remained similar throughout the year.
A lack of detection of group circadian rhythms in circulating total pan T and T helper lymphocytes both in March and in June was intriguing to us. A technical failure seemed unlikely since this phenomenon was observed on 2 mo of study for each of these variables. Since the group of five subjects had been split into two subgroups, the risk of additive rather than random errors in lymphocyte count was further minimized. Moreover, a 12-h rhythm in both OKT8+ and HNK1+ lymphocytes was observed on 4 and 3 mo of study, respectively, including March, with similar rhythm characteristics. Of 15 reports in which circadian changes in the peripheral lymphocyte count are described, the season of study is only given in five (including three by us) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (39) (40) (41) (42) (43) . Ofthose, none was performed in March or in June. Moreover, in a study performed in May the mean peak-trough difference in lymphocyte count was only 200 cells/mm3 (40) .
A latent infectious process that would recur periodically and alter the circadian time structure ofthe immune system at a subclinical level cannot be ruled out since viral dormancy has been documented to last for several months in humans (44). Such an explanation was considered as possibly accounting for the circannual rhythm in the plasma concentration of antirubella antibodies observed in a young woman for the 7 consecutive yr after infection (45) . Nonetheless, an alteration of circadian rhythmicity of several variables has been documented in specific seasons in laboratory rodents kept in a standardized environment. This was notably the case for the number of brain receptors for several neurotransmitters (46, 47) , the number of committed bone marrow stem cells (48) , and host tolerance for the anticancer agent cis-dichlorodiammineplatinum (49) . In healthy men, the circadian rhythmicity in plasma luteinizing hormone was lacking in the first half of the year in two independent studies (27, 28) and the circadian acrophase in plasma testosterone occurred -6 h later in summer as compared with winter (26) . Similar results were observed in the present study with regard to this hormone.2 Such facts, however result from the analysis of data pooled from several individuals. Thus, the lack of detection of circadian rhythmicity at a group level may result from an interindividual desynchronization, e.g., individual circadian rhythms may ex-2. Data and statistical analysis are available from the authors upon request.
hibit period lengths differing from precisely 24 h. This phenomenon might be more likely to occur at specific times ofthe year.
As a support to this assumption, the endogenous, so-called free-running circadian period ofbody temperature was shorter in March-April than in July-August in healthy human beings kept under temporal isolation (50) . In longitudinal studies carried out in Paris in June, oral temperature exhibited a period that differed from 24 h with statistical significance in two of five apparently healthy men, despite the fact that these subjects followed their usual social routine (51) . Similar results had been obtained earlier both in men and women (52) . In the present study, despite no circadian rhythm in OKT4+ lymphocytes detected at a group level in March or June, maximal individual values were almost twice as high as trough values; their respective timing differed, however, among subjects. Since all subjects followed a similar rest-activity schedule throughout the study span, this does not account for the apparent desynchronization. Rather, an endogenous circannual time structure might allow for circadian desynchronization to occur in winter and/or spring. Such a phenomenon may contribute to the marked spring peak in the incidence of several viral diseases such as rubella, mumps, etc. (31) and to that of Hodgkin's disease in young men (32) . A lack ofcircadian organization of the immune system may represent a favorable condition in which these and other diseases may develop.
